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ReviewGastrulation Movements:






Gastrulation, the period during the early development
of animals when major cell and tissue movements re-
model an initially unstructured group of cells, re-
quires coordinated control of different types of cellu-
lar activities in different cell populations. A hierarchy
of genetic control mechanisms, involving cell signal-
ing and transcriptional regulation, sets up the embry-
onic axes and specify the territories of the future germ
layers. Cells in these territories modulate their cytoskel-
eton and their adhesive behavior, resulting in shape
changes and movement. Similarities among different
species in patterning and cell biological mechanisms
are beginning to allow us to recognize general, con-
served principles and speculate on possible ancestral
mechanisms of gastrulation.
Introduction: What Is Gastrulation,
and Is It the Same in All Animals?
The word gastrulation is derived from the Greek word
“gaster,” meaning belly or gut (as does the Latin “ven-
ter,” also pertinent here). The gastrula was first defined
by Haeckel as the embryonic stage at which an infold-
ing that gives rise to the digestive system and muscula-
ture can be seen as a distinct cell layer on the inside of
the embryo. As it turns out, not all animals go through
a stage of precisely this description. It is therefore more
sensible to define gastrulation as the transition from a
simple, not very highly organized group of cells, usually
a hollow epithelial sphere or “blastula” but sometimes a
compact ball or even a sheet of cells, to a more complex,
organized, and multilayered embryo with the distinguish-
able germ layers of ectoderm, mesoderm, and endoderm.
Even by this definition, a gastrula stage is difficult to de-
fine for some organisms, for example, C. elegans; it has
therefore been discussed whether all animals do, in
fact, gastrulate. The example of certain cnidarians,
which create germ layers simply by making cells on the
inside of a ball of cells develop according to a different
program from those on the outside, shows that layers
can, in fact, be created without any apparent cell move-
ment (see Byrum and Martindale, 2004). However, we
will see that the processes of gastrulation are very flexi-
ble and appear to have changed rapidly during evolu-
tion, responding to changes in the environment and the
architecture of the egg. It seems reasonable to state as
a general rule, therefore, that any animal that ends up
with a gut, musculature, and a circulatory system, and
a skin and nervous system, i.e., the derivatives of the*Correspondence: mleptin@uni-koeln.dethree germ layers (or, in the case of diploblastic ani-
mals, the two germ layers that make gut and epidermis)
must have gastrulated. Gastrulation should be re-
garded as the sum of the processes that lead to the
initial establishment of the germ layers.
Gastrulation is clearly not the same in all animals.
This is frustrating for the biologist who wishes to dis-
cover unifying principles that allow us to understand
not only how one given animal develops, but also the
underlying rules that explain why it develops in this way
and how it relates to other animals, or, more impor-
tantly, to a postulated common ancestor. It is not yet
clear what the unifying principles or mechanisms of
gastrulation may be or whether they even exist. This
review will attempt to discuss where such principles
may have been identified and might be found in the
future and which cell biological mechanisms operating
during gastrulation are shared between different spe-
cies. It cannot cover all possible modes of gastrulation
and will therefore concentrate mainly on three species,
Xenopus, Drosophila, and the sea urchin, to represent
different phyla (Figure 1). However, the variations during
gastrulation are such that to say that these animals
“represent” their phyla may be inappropriate, as the
model organisms chosen for the study of development
turn out not to be typical in all aspects. Thus, Drosoph-
ila develops as a long germ embryo in which all seg-
ments are determined simultaneously and early devel-
opment is extremely rapid, in contrast to short germ
embryos, which develop more slowly, with segments
arising sequentially during embryogenesis. The rapid
long germ mode of development puts strong con-
straints on gastrulation, which has to be more efficient
and reliable in detail than in the more leisurely de-
veloping short germ insects. Xenopus deserves its
place because of its historical importance and preva-
lence as an experimental organism, but unlike most
other vertebrates, it has almost no epithelial-mes-
enchymal transitions during gastrulation; furthermore,
it has a yolk-rich egg in which the yolk is partitioned
into a subset of cells, whereas birds and fish have yolk-
rich eggs in which the yolk is not partitioned into the
cells that will produce the embryo, and mammals have
no yolk at all. Adaptations to the distinct architectures
of the eggs have entailed great differences in the geom-
etry of the early embryo and different modes of bringing
cells into its inside.
The essence of gastrulation is that different cells in
the embryo move in different ways and directions. For
this to happen, different cells have to be given different
instructions, or cell fates. Since disruption of cell fates
usually also results in the disruption of gastrulation
movements, it is necessary to understand how the cell
fates are determined. It has not been easy to disentan-
gle the roles of genes determining fate from those con-
trolling movement, or to establish the genetic cascade
from “master regulators” to genes directly controlling
cell behavior. Since fate-determining genes are often
referred to as genes “controlling gastrulation,” they will
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306Figure 1. Fate Maps and Gastrulation Movements of the Sea Urchin, Drosophila, and Xenopus
The germ layers are shown in the same colors for all three species (endoderm: green; mesoderm: blue; ectoderm: gray). Note that the scales
are not the same for the different organisms. The body axes are marked by A (anterior) and P (posterior), D (dorsal) and V (ventral), AN (animal)
and VEG (vegetal).
An excellent and more detailed set of descriptions of amphibian and sea urchin gastrulation with many photographs, diagrams and movies
can be found at J. Hardin’s sites http://worms.zoology.wisc.edu/urchins/SUgast_intro.html and http://worms.zoology.wisc.edu/frogs/welcome.
html. Movies of fly gastrulation and early development are at http://sdb.bio.purdue.edu/dbcinema/kaufman/kaufman.html and http://flymove.
uni-muenster.de/Processes/Gastrulation/GastrulAdditional.html.
(A–D) Four stages of sea urchin gastrulation (modified from Wolpert, 2001). The first cells to enter the blastocoel are the primary mesenchyme
cells (PMC), which delaminate from the vegetal plate of the blastoderm epithelium. The epithelium then forms a thickened placode, which
eventually invaginates, probably by apical constriction, to form the archenteron, which lengthens into the blastocoel by convergent extension.
The PMC extend long filopodia throughout the blastocoel, which are stabilized when they attach to the animal pole. By contracting, they
contribute to extending the archenteron. Finally, the tip of the archenteron fuses with the overlying oral ectoderm to create a new opening,
the mouth of the larva.
(E–L) Modified from Leptin, 1995. Four stages of Drosophila gastrulation. The left column shows whole embryos, the right shows diagrams
of cross-sections. Cells next to each cross-section represent a mesodermal cell undergoing its characteristic shape changes.
The first cells to enter the inside of the blastoderm stage embryo are the prospective mesodermal cells on the ventral side of the embryo.
They form a deep invagination by apical constriction and baso-apical shortening. Almost simultaneously, the posterior endoderm invaginates
by the same type of cell shape changes, carrying the primordial germ cells (pole cells, PC) with it. Cell intercalation in a dorso-ventral direction
lengthens the germ band and pushes its posterior end onto the dorsal side. The invaginated mesodermal tube disperses into mesenchymal
cells, which spread out to form a single cell layer.
(M–T) Modified from Keller and Shook, 2004. Cell rearrangements within the vegetal cell mass (vegetal rotation) initiate the internalization of
the endoderm and lead to the subsequent involution movements at the blastopore. At this point, the bottle cells undergo apical constriction,
further supporting involution movements. The prospective mesoderm is thereby positioned onto the inside of the blastocoel, where it can
begin its fibronectin-dependent, anteriorly directed migration, aided by convergent extension both in the mesoderm and the ectoderm.
The boxed region in panel (O) and (S) is shown at higher magnification in (T) to show the overlapping mesodermal cells migrating on the
blastocoel roof.be described here and their roles in different animals s
icompared.
a
aPart 1. The Specification of Cells That Participate
in Gastrulation: Establishment of the Primordia v
tof the Germ Layers
The Determination of the Embryonic Axes t
tThe identification of genes responsible for the determi-nation of cell fates in the early embryo has led to theurprising discovery of homology of genetic pathways
n the development of widely separated species. Two
xes are used to describe the spatial organization of
dult animals: the antero-posterior axis and the dorso-
entral axis (the left-right axis is directly defined by
hese two). “Anterior” is the side with the mouth and
he highest concentration of neural tissue; posterior,
he opposite end. The Hox gene complexes found in allanimals control the organization of cell fates between
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307these poles, but homeotic differences in cell fate along
this axis are not a deciding factor for gastrulation. The
ventral side in the adult vertebrate body is, as the name
indicates, the belly-side, thus, the side facing down-
ward and containing the abdominal organs; the dorsal
side is the side with the spine or notochord and the
central nervous system, usually the side facing away
from the ground. In an adult animal and larva the ante-
rior-posterior and dorso-ventral axes are usually more
or less perpendicular to each other. Primates and birds,
moving about on their hind legs only, illustrate how con-
fusing these definitions can be: in our case, our “front”
sides correspond exactly to our ventral sides. Similarly,
it is not necessarily the case that the axes between the
primordia of the future anterior and posterior or dorsal
and ventral structures in the embryo are perpendicular.
Additional axes are therefore often defined, such as the
animal-vegetal in amphibians or the oral-aboral in sea
urchins. To make matters even more complex, the vari-
ous axes move relative to each other during gastrula-
tion in ways that often make it difficult to understand
possible homologies between distant phyla.
The definitions of the dorsal and ventral sides of ver-
tebrates as the sides facing upwards and downwards
were simply transferred to invertebrates. Hence, the
central nervous system (located dorsally in verte-
brates), which lies on the side of the animal facing the
ground in most invertebrates, became the “ventral
nerve chord,” and the heart, considered a ventral struc-
ture in vertebrates, became the “dorsal vessel” in
worms and insects. As we now know, this nomencla-
ture completely disregards evolutionary relationships,
and it would be more appropriate to think of inverte-
brates moving about with their dorsal side facing down-
ward and their belly up (Arendt and Nübler-Jung, 1997).
This insight came from the discovery of the genes that
determine cell fates along the dorso-ventral axis in ver-
tebrates and insects, specifically from the study of mu-
tants in Drosophila and the search for the molecular
basis of Spemann’s Organizer in frog embryos.
The study of gastrulation in vertebrates is closely
linked with that of the induction of the mesodermal cell
fate. This is mainly because of the property of the Orga-
nizer, which, when transplanted into a recipient Xeno-
pus embryo, can induce gastrulation movements as
well as mesoderm respecification at ectopic sites. The
effect of the Organizer on frog gastrulation movements
is not direct (although in zebrafish some possible direct
involvement is emerging [Yamashita et al., 2002]), and
signals emitted from the Organizer mainly subdivide the
previously specified mesoderm primordium into re-
gions with different fates (reviewed in Lemaire and Ya-
suo, 1998). Nevertheless, the discovery of these sig-
nals, following the identification of genes affecting
patterning of the dorso-ventral axis in Drosophila,
which encode similar molecules, have shown that early
embryonic axis determination uses a molecular mecha-
nism conserved from a common ancestor.
Cell fates along the dorso-ventral axis in both organ-
isms are determined by a gradient of the TGF-β family
member (Dpp in flies and its homolog BMP-2/4 in am-
phibians [De Robertis and Sasai, 1996; Holley and Fer-
guson, 1997]) (Figure 2). In both cases, the gradient is
established with the help of the BMP-2/4 antagonist
Chordin or Sog, as well as other modulators, and thiscassette of morphogens and modulators is conserved
in other invertebrates as well. For example, in sea
urchins, BMP-2/4 is involved in differential fate determi-
nation along the oral-aboral axis (Duboc et al., 2004).
Whereas the high point of BMP2/4 activity is on the
ventral side in vertebrates, in Drosophila it is on the
“dorsal” side (Figure 2). This is the basis for the view
that insects develop and live upside-down relative to
vertebrates. It is important to remember that there is a
snag in this apparently perfect unification of the de-
scription of at least one aspect of early development:
the patterning under the control of Dpp and Sog in Dro-
sophila concerns exclusively the ectoderm, as it does
in the sea urchin, whereas in chordates, it is responsi-
ble for the subdivision of the endomesoderm as well as
the ectoderm. This does not invalidate the unification,
but illustrates how very much the deployment of regula-
tory cassettes has been varied during the evolution of
the species we study.
Although the BMP-chordin axis was the first to be
discovered as a conserved molecular principle of em-
bryonic development, it is not the first to be established
in the vertebrate embryo. BMP-2/4 subdivides a region
that has been set up under the control of earlier
patterning events, as have the expression of BMP2/4
and chordin themselves. These patterning systems,
too, are conserved, at least in the deuterostomes. They
are mediated by two further signaling molecules: Wnt
and Nodal (reviewed in Heasman, 1997; Schier, 2003)
(Figure 2). In the case of Wnt signaling, it may be more
appropriate to speak of stabilization and nuclear local-
ization of β-catenin, as this is the conserved compo-
nent of the pathway, and Wnt-dependent receptor acti-
vation has not been shown in all cases to be the trigger
for β-catenin stabilization. Xenopus will serve as the
prototype to discuss these two systems. In the Xeno-
pus embryo, nodal-related factors (Xnrs), also members
of the BMP family, and β-catenin stabilization act in al-
most perpendicular axes (Figure 2). Xnrs originate from
the vegetal pole, where they are transcribed under the
control of the maternal transcription factor VegT (Clem-
ents et al., 1999; Kofron et al., 1999) to induce meso-
derm in the ring of cells above. β-catenin stabilization
defines the dorsal side. It modifies the effect of the Xnrs
signal received by the mesoderm in this region, which
is thereby induced to become the Spemann-Mangold
Organizer (Kimelman et al., 1992). In addition, Xnrs are
direct targets of β-catenin, such that a dorso-ventral
gradient of Nodal signaling is established.
Nodal and canonical Wnt signaling also pattern the
sea urchin embryo, an example of a nonchordate deut-
erostome (Duboc et al., 2004; Logan et al., 1999; Wikra-
manayake et al., 1998). Stabilization of β-catenin is
seen in the vegetal micromeres, which give rise to the
region that invaginates during gastrulation and later
forms the gut. Nodal sets up distinct cell fates along
the perpendicular, oral-aboral axis (Figure 2). This is dif-
ferent from the situation in Xenopus in that Nodal acts
along the same axis as BMP-2/4 signaling in the sea
urchin. Furthermore, the determination of the oral-
aboral axis is not independent of the vegetal-animal
signaling system. If stabilization of β-catenin is induced
ubiquitously or is inhibited, this results not only in an
expansion or reduction of vegetal fates, respectively,
but also the loss of oral-aboral asymmetry (Angerer and
Developmental Cell
308Figure 2. Patterning Molecules and Germ
Layer Determinants in the Sea Urchin, Dro-
sophila, and Xenopus
Arrows denote the activity gradients (not
necessarily expression patterns!) of β-catenin
(black), Xenopus nodal-related factors (white),
BPM2/4 or dpp (solid pink), and chordin/sog
(open pink).
(A) Sea urchin. β-catenin is stabilized in the
vegetal micromeres (top) and determines the
endoderm as well as the patterning of the
adjacent prospective ectoderm. The endo-
derm expresses GATAe (green). Nodal and
BMP2/4 (along with a number of other
genes, including goosecoid) are expressed
in the future oral ectoderm (purple) and
pattern the oral-aboral axis. Brachyury (yel-
low) is expressed on the oral side as well as in a ring around the endoderm primordium, similar to the situtation at the posterior end of the
Drosophila embryo.
(B) Drosophila. β-catenin or Nodal signaling has not been found to participate in primary axis determination in the Drosophila embryo. The
ectoderm of the embryo is patterned by opposing activities of Dpp (BMP2/4) and Sog (chordin). The Brachyury-homolog brachyenteron
(yellow) determines the ectodermal hindgut; the endoderm is marked by the GATA factor Serpent (green), the mesoderm by Snail and Twist
(light and dark blue), both of which are also expressed in the anterior endoderm.
(C) Xenopus. The early frog egg is patterned along two axes by Nodal related factors (Xnrs) and β−catenin stabilized at a position opposite
the sperm entry site. Xnrs are responsible for defining the future mesoderm, which expresses brachyury (yellow). Xnrs and β-catenin together
determine the Spemann-Mangold Organizer region, which expresses nodal, goosecoid, siamois, and other genes (purple) and serves as a
source of chordin to counteract BMP2/4 in patterning the dorso-ventral axis (see also De Robertis and Kuroda, 2004).Angerer, 2003). Wnt signaling seems to be necessary to n
Iset up a zone of competence in which the oral-aboral
patterning system can operate, and nodal expression l
mitself is part of the system that depends on Wnt signal-
ing. This also differs from the situation in vertebrates, S
Bwhere β-catenin and Nodal are at least initially indepen-
dent of each other. However, vertebrates do seem to e
(retain a trace of this congruency in that β-catenin does
influence the level of Nodal in Xenopus (Agius et al., m
e2000; Hyde and Old, 2000; Takahashi et al., 2000;
Xanthos et al., 2002; Yang et al., 2002a) and is also M
1needed for proper expression of the Nodal-homolog
Squint in zebrafish (Solnica-Krezel and Driever, 2001). t
tNodal is the earliest asymmetrically expressed gene in
the sea urchin, but the primary source of asymmetry a
halong the oral-aboral axis is not known.
The oldest axis is likely the one determined by b
dβ-catenin stabilization, since it exists even in radially
symmetric, diploblastic animals like the sea anemone m
y(Wikramanayake et al., 2003), which have only one axis
and only two germ layers. Here β-catenin stabilization n
ospecifies the endoderm, which may be its true an-
cestral function. This is also consistent with the role in G
aascidians and C. elegans, where endoderm specifica-
tion depends on stabilization of β-catenin (Imai et al., t
p2000; Rocheleau et al., 1997; Thorpe et al., 1997). Sur-
prisingly, a role for β-catenin stabilization during early f
eaxis formation or germ layer determination has not
been found in Drosophila or other higher invertebrates, u
2nor is an equivalent of Nodal signaling known.
Transcription Factors as Determinants i
tfor the Germ Layers
The result of axis determination is the definition of re- a
mgions within the embryo that will give rise to the germ
layers. These can be recognized by the expression of o
specific transcription factors, which then direct the fur-
ther development of the germ layer (often in multiply t
sbacked-up pathways, so that loss of a single gene doesot necessarily lead to complete loss of the germ layer).
n Drosophila, the mesodermal primordium coincides
argely with the region expressing Snail and Twist (Kos-
an et al., 1991; Leptin, 1991), while the GATA-factor
erpent defines the endoderm (Reuter, 1994) (Figure 2).
rachyury is expressed in a ring around the posterior
ndoderm that will give rise to the ectodermal hindgut
Kispert et al., 1994). In vertebrates, the expression do-
ain of Brachyury, set up under the control of Nodal,
ncompasses the mesodermal primordium (Schulte-
erker et al., 1992; Smith et al., 1991; Wilkinson et al.,
990). The subset of mesodermal cells that constitute
he Organizer express Goosecoid (Cho et al., 1991), ac-
ivated by Nodal together with nuclear β-catenin. Snail
nd Twist, the mesodermal determinants in Drosophila,
ave important morphogenetic functions in the verte-
rate mesoderm only at later stages. The future endo-
erm cannot be unambiguously distinguished from the
esoderm early. In sea urchins, the situation is different
et again. The homologs of the mesodermal determi-
ants Goosecoid and Brachyury are expressed in the
ral ectoderm (Angerer et al., 2001; Croce et al., 2003;
ross and McClay, 2001), which seems to function as
signaling center similar to the Organizer but here pat-
erns the ectoderm. Brachyury is, in addition, ex-
ressed in the endoderm, a ring at the periphery of the
uture archenteron, in a pattern analogous to brachyury
xpression in Drosophila. As in Drosophila, the sea
rchin endoderm also expresses a GATA-factor (Figure
). All of these transcription factors participate in direct-
ng the morphogenetic behavior of the regions in which
hey are expressed. It has even been proposed that the
ncestral role of Brachyury was to control the cell
ovements that internalize cells, rather than the control
f cell differentiation (Gross and McClay, 2001).
Some of the factors expressed in the primordia of
he different germ layers are shared between different
pecies, but the only recognizable general principle of
Review
309germ layer determination seems to be to make certain
regions of the embryo distinct from the ectoderm. This
might indicate that the distinction between endoderm
and mesoderm is not conserved. An ancestral endo-
mesoderm with absorptive properties characteristic for
endodermal tissue and contractile properties typical of
mesoderm, still found, for example, in the sea anem-
one, might have become subdivided in different ways
during the evolution of new phyla (also discussed more
extensively by others [Ball et al., 2004; Martindale et al.,
2004; Rodaway and Patient, 2001]). In many species,
endoderm and mesoderm arise as common primordia
and are separated late (e.g., frog and fish) or share reg-
ulators (e.g., Snail and Twist in the mesoderm and the
anterior endoderm in Drosophila). This may also mean
that we cannot expect to find cell behaviors that are
restricted to one germ layer. Thus, convergent exten-
sion movements occur in the endoderm in sea urchins,
the ectoderm in Drosophila, and in both mesoderm and
ectoderm in Xenopus. Nevertheless, in the germ layers
of extant species, transcription factors control cell be-
havior — perhaps by specific modulation of an underly-
ing ancestral behavior — and are responsible for the
movements of cells.
Part 2: Gastrulation Movements and Their Control
Types of Cell Movement
The central issue in gastrulation is movement. Excellent
descriptions of cell movement during gastrulation have
been generated, using the whole range of available mi-
croscopic techniques, but surprisingly little is known
about the generation of force and the molecular mech-
anisms driving and directing movement. Four major
modes of movement contribute to the rearrangement
of cell groups during gastrulation: bending of epithelial
cell sheets, rearrangement of cells within the plane of
epithelial or pseudo-epithelial sheets, dissociation of
cells from epithelial structures (this includes delamina-
tion of single cells as well as epithelial-mesenchymal
transitions [EMTs] of whole epithelia), and cell migration
of individual cells and groups of cells.
Epithelial Bending. The bending of epithelial sheets,
often one of the earliest gastrulation movements to be
seen, provides a way of translocating large groups of
cells from the surface into the interior of an epithelial
sphere, creating a two-layered structure. In sea urchins,
it occurs during the invagination of the archenteron; in
Drosophila, it represents the first step of mesoderm in-
vagination (formation of the ventral furrow) (Figures 1C
and 1J). The initiation of involution in amphibians, itself
a combination of various types of cell movements, in-
volves a small group of cells, the bottle cells, under-
going cell shape changes typical of bending cell sheets
(Figures 1N and 1R). None of these processes are
understood in detail, but they share a number of char-
acteristics. Typically, the apical circumferences of the
invaginating cells constrict, probably induced by con-
tractile acto-myosin networks, causing the cells to be-
come wedge-shaped or bottle-shaped. This shape
change is often accompanied by lengthening of the
cells along the apical-basal axis, which creates a thick
epithelial placode and displacement of nuclei away
from the apical sides of the cells (for example, in theDrosophila ventral furrow; see Figures 1I–M). Modeling
shows that apical constrictions can be sufficient to
cause invagination. In one type of model, a wave of
constrictions is triggered by a single cell at the center
of a prospective pit, making the initial constriction
(Odell et al., 1981). This causes stretching in neighbor-
ing cells, which acts as a trigger for their constriction,
which in turn stretches the next row of neighbors, etc.
Attractive as it is, this model has not found experimen-
tal support. Instead, it appears that cells constrict au-
tonomously under the direct control of a program dic-
tated by their fate-determining transcription factors.
For example, the cell shape changes associated with
ventral furrow formation in Drosophila depend on the
transcription factors Snail and Twist, and single wild-
type cells in a snail twist mutant mesoderm are able to
undergo their typical shape changes while the sur-
rounding mutant tissue remains inert (Leptin and Roth,
1994). Also, in sea urchins, the shape changes are local
and cell autonomous and no global coordination is nec-
essary: half invaginations can be made in embryos in
which the developmental program of one blastomere
has been disturbed (Logan et al., 1999). Paradoxically,
it appears that epithelial bending, although it is the ini-
tiating step of mesoderm invagination in Xenopus and
Drosophila, may not be an essential step for mesoderm
internalization. In Xenopus, microablation of bottle cells
does not prevent the internalization of the mesodermal
germ layer (Keller, 1981), and in Drosophila, the cells of
the mesoderm primordium appear to be able to be-
come internalized even if the orderly sequence of early
cell shape changes is disrupted, for example, by un-
timely cell divisions (Seher and Leptin, 2000). Thus, at
least in these cases, apical constriction and epithelial
bending may serve primarily to place the mesodermal
cells in an advantageous starting position for their later
migration on the inner surface of the ectoderm.
Cell Rearrangement within Sheets. Rearrangement of
cells within epithelia or layers of mesenchymal cells is
used to change the dimensions of cell sheets. Cell in-
tercalation can turn dome-shaped invaginations into
long tubes, as during the formation of the archenteron
in sea urchins (Hardin, 1989), and short, wide regions
into long narrow areas, as during convergence and ex-
tension in vertebrate gastrulation and neurulation (Shih
and Keller, 1992a; Shih and Keller, 1992b; Wilson and
Keller, 1991) or during “germ band extension,” the
lengthening of the segmented part of the Drosophila
embryo (Irvine and Wieschaus, 1994). During con-
vergence and extension, cells within a mesenchymal
sheet change their positions relative to each other,
such that they intercalate between each other with a
preferred direction. Convergence and extension move-
ments in frogs and fish continue beyond the stage at
which the germ layers have been established. Cell in-
tercalation in Drosophila does not affect germ layer for-
mation at all, but the movements are involved in the
overall shaping of the embryo and are therefore rele-
vant for gastrulation.
Cell intercalation typically uses interactions between
neighboring cells within the cell sheet, as opposed to
interactions with an underlying substratum, to generate
the force and directionality of the movement. This is
most clearly demonstrated by the fact that explants of
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310mesodermal cells from a Xenopus embryo can undergo a
hintercalation movements in the absence of a substra-
ltum (Elul and Keller, 2000; Keller et al., 1989). The pro-
wcesses of cell intercalation within cell sheets in different
banimals and tissues look similar, but it is not clear
bwhether they are based on the same cell biological
smechanisms. They can occur in proper epithelia, as in
tthe Drosophila ectoderm, in which case the integrity of
mthe epithelium is maintained during the movements.
sThey can also occur in more loosely associated mes-
ienchymal masses, as in the Xenopus mesoderm during
econvergent extension, a very dynamic process with at-
ttachments between neighboring cells being made, dis-
nsolved, and reestablished rapidly.
dThe elucidation of the underlying mechanisms has
tbenefited tremendously from in vivo time-lapse micro-
sscopy. In convergence and extension during early ver-
2tebrate gastrulation, motility is associated with the ex-
rtension of lamellipodia (Wilson and Keller, 1991). Cells
ithat initially produce lamellipodia at random positions
dof their circumference begin to protrude them in a po-
wlarized fashion, preferentially in the medio-lateral axis
i(Shih and Keller, 1992a; Shih and Keller, 1992b). Tensile
vforces can then bring about polarized intercalation of
tcells (Figure 3A).
v
By contrast, in the ectoderm of the Drosophila
t
embryo where tall columnar epithelial cells are packed
t
in a tight hexagonal pattern, no protrusions are seen. c
Instead, cell rearrangement is mediated by cell shape a
changes and concomitant changes in the contacting v
surfaces between neighboring cells (Lecuit, 2004). Cells t
change from a hexagonal shape, where they have on (
average six neighbors (Figure 3B), through a diamond-
shape with four neighbors in which they have mini- o
mized their contact with their anterior and posterior c
neighbors to a point, and then back to a differently ori- c
ented hexagonal shape in which the contact point with a
dorsal and ventral neighbors is expanded to a large e
area. s
Many of the molecules involved in convergence and t
extension have been identified (see below), but one of g
the main open questions is how direction and order are i
imposed on cell intercalation. Signals are needed that t
tdetermine in which direction the bipolar lamellipodiaFigure 3. Mechanisms of Cell Intercalation
during Convergence and Extension Move-
ments: Two Ways of Changing Positions of
Cells
(A) During convergent extension movements
in Xenopus, the initially undirected protru-
sive activity of filopodia becomes polarized
in a dorso-ventral direction. Force exerted
along this axis draws cells between each
other.
(B) During germ band extension in the Dro-
sophila embryo, myosin becomes enriched
at the anterior and posterior borders of the
blastoderm epithelial cells. These sides then
contract to a point, bringing previously sepa-
rate, dorsally and ventrally located cells near
each other. The initial anterior-posterior
neighbors lose contact, allowing a new area
of contact to be established between the
dorsal and ventral cells.re extended and when convergence and extension be-
avior stops. A solution may have been found for the
atter problem in the mesoderm in Xenopus. Cells
hose lamellipodia have reached the notochord
oundary strive to expand their contact with this
oundary, remain attached to it, and cease their protru-
ive activity, a process Keller named “boundary cap-
ure” (Shih and Keller, 1992b). Thus, they become im-
obile. It is possible that this behavior might use a
imilar subcellular mechanism as MDCK epithelial cells
n culture, which, once they have made contact with
ach other, use rac-dependent cytoskeletal remodeling
o maximize their contact (Ehrlich et al., 2002). Almost
othing is known about the signals that determine the
irection of intercalation. There are hints in Drosophila
hat it is imposed by the anterior-posterior patterning
ystem in the embryo (Blankenship and Wieschaus,
001; Zallen and Wieschaus, 2004). MyosinII is en-
iched at the anterior and posterior contacts of the cells
n the blastoderm epithelium, where it presumably me-
iates contraction of the contact area (Lecuit, 2004),
hile PAR-3, a molecule involved in establishing polar-
ty in many cell types, is enriched at the dorsal and
entral contacts (Zallen and Wieschaus, 2004). This dis-
ribution, as well as dorso-ventral intercalation beha-
ior, is abolished in mutant embryos in which segmen-
ation is disrupted. It remains to be seen whether this
ype of intercalation is related to that seen in vertebrate
onvergent extension, but the tantalizing discovery that
ntero-posterior tissue polarity affects mesoderm con-
ergent extension in frogs suggests more parallels be-
ween the two processes than were initally apparent
Ninomiya et al., 2004).
Epithelial to Mesenchymal Transitions. The third type
f movement allows cells to move out of epithelia. Two
ases can be distinguished, the delamination of single
ells and the transition of part or all of an epithelium to
mesenchymal state. Both can be considered to be
pithelial-mesenchymal transitions (EMT; comprehen-
ively reviewed in (Shook and Keller, 2003)). Delamina-
ion of single cells occurs, for example, during the in-
ression of the PMC in sea urchin embryos, the
ngression of endodermal precursors in C. elegans, and
he ingression of mesodermal cells from the epiblast in
he avian embryo or the blastocoel roof in amphibians.
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apical surfaces (which in the case of the blastula stage
embryo faces outward) via septate or tight junctions
and adherens junctions. They are often supported by
an extracellular matrix on their basal sides and may be
in contact with protective layers on the apical outer
side. These junctions must be dissolved in the cells,
leaving the epithelium but maintained or reestablished
between the cells that are left behind (except in cases
where the complete epithelium is transformed to mes-
enchyme).
One of the best-described examples of delamination
of single cells is the ingression of the primary mes-
enchyme cells in sea urchins (reviewed in McClay et al.,
2004). The delaminating cell first constricts at its apical
side to from a “bottle cell.” This reduces the size of the
hole that will be left behind in the epithelium, often fur-
ther helped by the neighboring cells sending out exten-
sions toward each other. At the same time the PMCs
lose affinity for the outer protective hyaline layer, which
is contacted by the apical side of the cell, and acquire
affinity for fibronectin found on the inside in the basal
lamina (Fink and McClay, 1985). Disassembly of adher-
ens junctions and loss of adhesion with neighboring
cells allows PMCs to leave the epithelium and become
mesenchymal, migratory cells (summarized with further
citations in Shook and Keller, 2003).
This sequence of events can also occur in groups of
adjacent cells. In the extreme case of a large part of
an epithelium following this sequence, the first step —
apical constriction — leads to the bending and invagi-
nation of the epithelium. Events like the internalisation
of the mesoderm in Drosophila could perhaps be
viewed as a group of cells undergoing the changes typ-
ical for ingression; the formation of the ventral furrow
corresponds to the formation of bottle cells, which in
this case leads to the internalisation of the whole epi-
thelial primordium. Only then are the junctions between
the cells dissolved and the mesoderm disperses into
individual, mesenchymal cells, which move away from
the site of invagination. One may speculate whether in-
gression of single cells via bottle cell formation and loss
of adhesion is the oldest mechanism for cells to form a
second layer within a blastula-like ancestral organism.
The grouping of such cells in one place in the embryo
may then have enabled epithelial invaginations, leading
to the formation of an archenteron. Certainly bottle cell
formation and shifting of adhesion sites appears to be
a mechanism for morphogenesis extending beyond the
animal kingdom (Nishii et al., 2003).
Cell Migration. The fourth type of cell movement, cell
migration, involves cells moving across a substratum,
which they use for translocation. It occurs mainly at
later stages of gastrulation, when the early gastrulation
movements have placed cells of one germ layer onto
the substratum of another. Examples include spreading
of the anterior mesoderm on the blastocoel roof in Xen-
opus, spreading of the mesoderm on the ectoderm in
Drosophila, migration of neural crest cells on somites
in vertebrates, and many others. Cell migration also
makes a contribution to extension movements during
convergence and extension in the fish, and some of the
involution movements at the Xenopus blastopore may
qualify as migration.Cells may migrate as individuals, but in many cases
they move as groups, with the group acting together as
a community rather than as a collection of independent
cells on the way to the same target. This was specifi-
cally shown in the case of the mesoderm migrating on
the blastocoel roof of the Xenopus embryo. Explants
can move efficiently and rapidly on substrates in vitro,
but if single cells or small sectors of mesodermal tissue
are explanted, they advance more slowly than large
sheets of cells with an intact migrating front (Davidson
et al., 2002b). The leading cells maintain contact with
those following, their posterior parts overlapping the la-
mellipodia of the cells behind. When these contacts are
lost, the migrating cells also lose polarity and the ability
to follow guidance cues (Winklbauer et al., 1992). Far
from being a specialty of Xenopus cell migration during
gastrulation, movement of cells in groups may rather
be the rule. It has also been observed for germ cells in
vertebrates (Gomperts et al., 1994), and, more recently,
even for metastatic tumor cells migrating in three di-
mensional matrices in vitro (Friedl, 2004).
Cell migration usually is thought to be guided by che-
motaxis. Whereas chemotaxis has been well estab-
lished as a mechanism guiding fibroblasts and cells of
the blood and lymphoid system and operates during a
number of late morphogenetic processes (e.g., migra-
tion of vertebrate limb mesenchyme, Drosophila border
cells in the ovary and tracheal cells in the embryo), few
clear cases have been demonstrated during gastrula-
tion, although the presence in the embryo of typical
chemotactic ligands such as Slit and Ephrin is sugges-
tive (Oates et al., 1999; Yeo et al., 2001).
One important example of chemotactic migration ap-
pears to the behavior of cells from the primitive streak
in avian embryos, after they have undergone EMT to
leave the streak. Experiments in chicks show that mem-
bers of the FGF family have the ability to provide in-
structive, directional signals (Yang et al., 2002b). By
contrast, the effects of FGF on gastrulation movements
in the mouse are consistent with a permissive role of
FGF-signaling, that of inducing the ability of cells to
leave the streak by triggering EMT via downregulation
of cadherin levels (see below).
However, directionality of movement need not be
caused by distant chemotactic signals. Simple spatial
constraints can lead to an apparently directed migra-
tion. Both in Xenopus and Drosophila, the mass of me-
sodermal cells initially lies near the site of invagination,
and the only direction available for migration is away
from this site. Thus, any signal inducing motility would
automatically induce directional movement. If, in addi-
tion, motility continued until each cell had reached a
target tissue that it “liked” better than its mesodermal
neighbors — for example, the ectoderm in the case of
the Drosophila embryo — and only then ceased (as in
the case of boundary capture), this would lead to the
dispersal away from the site of ingression and the es-
tablishment of a single cell layer. More interestingly, lo-
cal properties of the substratum can influence the di-
rection of migration. The extracellular matrix of the
basal side of the Xenopus blastocoel roof can be trans-
ferred to a glass surface and act as substratum for the
migration of explanted mesodermal cells. Remarkably,
mesodermal cells plated on such a substratum migrate
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mregion closest to the animal pole, i.e., in the correct
direction (Winklbauer and Nagel, 1991). The recent find- i
aing that PDGF-A and its receptor are needed for this
directionality to be established in the ectoderm and in- a
eterpreted by the migrating mesoderm may point to a
chemotactic input, but it may also be that PDGF pro- t
tvides the local polarity cue fixed in the matrix (Montero
et al., 2003; Nagel et al., 2004). t
sCombining and Integrating Different Cell Movements
I have divided the types of cell movements during gas- b
ftrulation into four groups. Obviously, it is the eye and
the mind of the scientist that desire such classifica- t
dtions, whereas the distinctions may not always be so
clear in the developing embryo. The example of bend- 1
ting and invagination of an epithelial sheet as being in-
terpretable as the first stage of EMT within a coherent m
ugroup of cells has been mentioned. Cells can switch
from one type of morphogenetic behavior to another: a w
mbalance of cell migration and convergent extension-
style neighbor exchange shapes the nascent mesoder- s
amal cell layer in zebrafish, with different degrees of mi-
gration occurring in different parts of the mesoderm. t
wFor example, lateral cells initially migrate dorsally and
only later begin to show polarized, mediolateral interca- p
elation behavior (Myers et al., 2002b).
Parallel or overlapping types of movement can some- t
stimes be separated experimentally (vindicating the sci-
entist’s reductionist view), for example, by mutations d
sor inhibitors affecting only one type of movement. In
Drosophila, mutations affecting anterior-posterior pattern- p
ting of the embryo affect germ band extension but not
the invagination of the mesoderm or endoderm. Con- 1
eversely, mutations of snail or twist completely abolish
the mesoderm, but posterior endoderm formation and t
ogerm band extension are unaffected. In fish and frogs,
the contributions of migration and convergent exten- h
sion are beginning to be distinguishable by the mole-
cules required for only one or the other. The zebrafish a
pmutants in the gene no tail, which codes for brachury-
homolog, have defects only in convergence, but not in s
textension movements (Glickman et al., 2003; Myers et
al., 2002b). Interfering with the production by meso- s
sdermal cells of hyaluronan, a cell surface poly-
saccharide previously implicated in cell adhesion and g
emigration, has the same effect (Bakkers et al., 2004).
Conversely, activation of the PDGF-A receptor in meso- p
idermal cells is required for the migration of anterior me-
sodermal cells toward the animal pole in the Xenopus 1
embryo, but not for convergence (Nagel et al., 2004).
Intercellular and Subcellular Events c
sWhat is the cell biological basis for the various types of
movement, and do similar processes in different groups s
sof animals use the same mechanisms? Obvious candi-
dates for mediators of cell movement are the extracel- f
olular matrix and cellular receptors for its components,
the cytoskeleton, cell adhesion systems, and chemo- e
dattractants and their signal transmission systems. All of
these have been studied in many cell types in vivo and d
Pin vitro, and their contributions to cell behavior are well
understood. Their roles in gastrulation will be listed e
dbriefly here with an emphasis on recent new insights.
The Extracellular Matrix. The extracellular matrix
tserves many functions. It protects and supports epithe-ia and participates in the delivery of secreted signaling
olecules; its own components, recognized by cells via
ntegrins, have signaling functions as well. It also acts
s a barrier to cell movement. In Drosophila, the matrix
nd its receptors have been found to play no role in
arly gastrulation movement, consistent with the fact
hat the ECM becomes detectable only after gastrula-
ion is well under way. In Xenopus embryos, the migra-
ion of the anterior mesoderm and convergent exten-
ion movements depend on fibronectin secreted by the
lastocoel roof (Marsden and DeSimone, 2001). Puri-
ied fibronectin supports random mesodermal cell mo-
ility in vitro, whereas the fibrils of the matrix mediate
irectional cell movement (Winklbauer and Nagel,
991). It is not yet known how polarity is imposed on
he fibronectin matrix of the blastocoel roof, but PDGF
ay have a critical role (Nagel et al., 2004). In the sea
rchin, a basal lamina underlies the blastula epithelium,
hich must be penetrated by the ingressing primary
esenchyme cells (PMCs). These cells acquire adhe-
ive properties for fibronectin during ingression (Fink
nd McClay, 1985), suggesting that the ECM supports
heir further movement, for example, their migration to-
ard the animal pole, but this has not been shown ex-
erimentally. The matrix covering the outside of the
mbryo has been implicated in triggering or supporting
he invagination of the archenteron: the swelling of
ecreted hygroscopic matrix material may push the un-
erlying cells toward the interior of the blastula (David-
on et al., 1999; Lane et al., 1993). Interactions of the
rospective endodermal cells with the matrix may con-
ribute to bottle cell formation (Kimberly and Hardin,
998; Marsden and Burke, 1998). The secondary mes-
nchyme cells that draw the archenteron inwards at-
ach their cytoplasmic extensions to the basal lamina
f the ectoderm, but the precise molecular interactions
ave not been determined.
Cytoskeleton. The cytoskeleton is involved in nearly
ll aspects of cellular morphogenetic behavior and,
recisely for this reason, cannot be analyzed easily in
pecific processes in vivo. Disrupting the actin cy-
oskeleton with drugs leads to drastic effects in Dro-
ophila (mainly because cellularization is blocked), but,
urprisingly, does not interfere with the early steps of
astrulation in sea urchins (Lane et al., 1993). Later
vents, like the pulling of the archenteron by the filo-
odia of the secondary mesenchyme cells, fail to occur
n the presence of cytoskeletal inhibitors (Miller et al.,
995).
Because of the global effects of disrupting the actin
ytoskeleton and the difficulties in interpreting the re-
ulting phenotypes, the role of actin has mostly been
tudied by the analysis of its modifiers and regulators,
uch as the rho family GTPases, for which numerous
unctions during gastrulation have been described. One
f the more dramatic cases is DRhoGEF2, which is
ssential specifically for the cell shape changes that
rive the invagination of the mesoderm and the endo-
erm in Drosophila (Barrett et al., 1997; Häcker and
errimon, 1998). DRhoGEF2 is present throughout the
gg, and it is not yet clear how it is activated in meso-
ermal and endodermal cells.
MyosinII, one of the most important modulators of
he actin cytoskeleton, is assumed to be involved in
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313apical constrictions and perhaps in generating the ten-
sile force during convergent extension in vertebrates,
but no experimental evidence has been provided to
support this. Recent studies in Drosophila have shown
myosinII to be involved in force generation during the
cell intercalation movements that drive germ band ex-
tension movements (Lecuit, 2004). MyosinII is asym-
metrically distributed within the plane of the ectoder-
mal epithelium, such that it is enriched at the sides of
the cells that shorten to reduce contact between neigh-
boring cells. If myosin function is impaired, so is the
process of shortening.
Signaling Systems and Chemoattractants. Cell sig-
naling molecules, especially those of the BMP, Wnt,
and FGF families, play major roles in gastrulation. One
important goal will be to disentangle their functions in
fate determination from those that directly affect mor-
phogenesis. BMP family members are mostly responsi-
ble for cell fate determination, whereas Wnt signaling
and FGF signaling have many functions both in cell fate
determination and in morphogenesis.
BMPs clearly affect the behavior of mesodermal cells
in vertebrates (Graff et al., 1994). They are involved in
the subdivision of the mesoderm in Xenopus and ze-
brafish, and different subpopulations of mesodermal
cells along the dorso-ventral axis show different mor-
phogenetic activities (Keller and Danilchik, 1988; Myers
et al., 2002b), but there is no evidence that BMP signal-
ing affects these behaviors directly rather than by con-
trolling the expression of other genes.
The events downstream of FGF signaling that allow
mesodermal cell migration have been worked out for
cells ingressing through the primitive streak in the
mouse embryo. In FGF or FGF-receptor loss-of-func-
tion mutants, these cells fail to migrate away from their
site of ingression, but when compared with wild-type
cells for their ability to migrate in vitro, no differences
were seen (Ciruna and Rossant, 2001). The defects in
gastrulation turned out to result from the cells’ inability
to deepithelialize and leave the primitive streak be-
cause they could not downregulate cadherin. This, in
turn, was due to the transcription factor Snail not being
turned on (Ciruna and Rossant, 2001), which is known
to control EMT by downregulation of E-cadherin (Cano
et al., 2000). A more direct effect of FGF on cellular
behavior is likely to be responsible for chemotactic
functions, but these mechanisms remain to be eluci-
dated. In the Drosophila embryo, FGF signaling directs
the invaginated mesodermal cells toward the ecto-
derm, enabling them to spread efficiently over the inner
surface of the ectoderm (Beiman et al., 1996; Gryzik
and Müller, 2004; Shishido et al., 1997; Stathopoulos et
al., 2004). The timing of this process is such that it can-
not be regulated via fate changes, and, indeed, it does
not act via MAPK and, therefore, probably not by gene
activation (Wilson et al., 2005). Instead, a requirement
for the rhoGEF Pebble (Schumacher et al., 2004;
Smallhorn et al., 2004) suggests that IGF signaling di-
rectly mediates changes in the cytoskeleton.
Wnt signaling also has roles both in cell fate determi-
nation and morphogenesis. The divide between the two
functions roughly parallels the divide between the two
intracellular branches of the pathway: the canonical
Wnt signaling pathway is mainly associated with cellfate determination, while the noncanonical or planar
cell polarity (PCP) pathway is associated with morpho-
genetic activities. It is important to remember that al-
though the pathways are usually referred to as Wnt sig-
naling pathways, it is not necessarily the case that they
are triggered by localized extracellular signals in all sit-
uations. For example, β-catenin stabilization on the fu-
ture dorsal side of the Xenopus embryo is achieved by
cortical rotation after sperm entry, and components of
the PCP pathway have been found to play roles in mor-
phogenetic events for which no involvement of Wnt-like
ligands can be shown.
The components of the PCP pathway, their epistatic
relationships, and their requirement for planar cell po-
larity have been worked out in Drosophila, Xenopus,
and zebrafish and have been the subject of recent ex-
cellent reviews (Fanto and McNeill, 2004; McEwen and
Peifer, 2000; Veeman et al., 2003). Briefly, reception and
interpretation of the Wnt signal requires the receptor
Frizzled along with the extracellular heparan sulfate
proteoglycan Knypek and the transmembrane protein
Van Gogh/Strabismus/Trilobite. The signal is transmit-
ted by the large docking protein Dishevelled and can
act through or in parallel with various cytoskeletal regu-
lators including cdc42; Rac; Rho and Rho-kinase,
MARCKS; jnk; and daam (Bakkers et al., 2004; Choi and
Han, 2002; Habas et al., 2003; Habas et al., 2001; Iioka
et al., 2004; Marlow et al., 2002; Yamanaka et al., 2002).
Calcium signaling has also been shown to play a role in
PCP signaling in vertebrates (Wallingford et al., 2001).
The best-studied role of the PCP pathway during
gastrulation is during convergent extension move-
ments, where it is needed for the polar extension of
membrane protrusions. Analysis of mutants in zebrafish
and morpholino studies in Xenopus have shown that
the disruption of components of the PCP pathway,
such as Wnt-11 (silberblick) and Wnt5 (pipetail), kny-
pek, frz, strabismus/vangogh/trilobite, dvl, and prickle
disrupts gastrulation movements without affecting cell
fate (Carreira-Barbosa et al., 2003; Djiane et al., 2000,
Wallingford et al., 2000 Heisenberg et al., 2000; Jessen
et al., 2002; Kilian et al., 2003; Sokol, 1996; Topczewski
et al., 2001). The cellular basis of this defect is the dis-
ruption of cell polarity in intercalating cells. The forma-
tion of membrane protrusions as such is not impaired,
but the protrusions are no longer aligned along a me-
dial-lateral axis, nor does the cell body elongate along
a medio-lateral axis. Thus, once a polarity signal has
been received, the components of the PCP pathway
are clearly necessary to implement the polarity of the
rac-dependent membrane protrusions, but no satisfac-
tory explanation for movement mediated by PCP can
yet be derived from its function. It is neither completely
clear what cell biological events act downstream of the
PCP pathway, nor, more importantly, what provides the
asymmetry in the first place, especially in the case of
convergence and extension movements. It is puzzling
in this context that the movements are apparently cell
autonomous; Xenopus explants suggest that the region
by itself is responsible for convergent extension beha-
vior with no need for external signals (Wilson and Keller,
1991). Furthermore, constitutively active or ubiquitously
expressed components of the planar cell polarity path-
way can rescue defects caused by loss of the Wnt sig-
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let al., 2002), suggesting that directionality of polarity is
mediated by a different signal and function of the PCP
mpathway is necessary for the interpretation of the sig-
inal. This indicates that the directionality was imposed
ton this region at an earlier point and is not needed at
athe time when the PCP pathway mediates polar move-
sment. There is now good evidence that a major contri-
sbution comes from the anterior-posterior patterning of
nthe notochord primordium by activin-like factors (Ni-
tnomiya et al., 2004).
wThe PCP pathway and Wnt signaling also operate in
smorphogenetic mechanisms other than convergent ex-
Wtension. Fz controls the separation of the mesodermal
oand ectodermal cell layers during mesoderm migration
mon the blastocoel roof (Winklbauer et al., 2001) and Wnt
Hsignaling also plays a role in the crawling of hypoblast
fcells on the epiblast immediately after involution (Ulrich
tet al., 2003), a movement distinct from that during con-
mvergent extension. In this case, the ligand Wnt11 is
Mmade by cells in the epiblast and acts on cells in the
shypoblast. While this might sound like a case of chemo-
ttaxis, this doesn’t appear to be how Wnt11 functions in
Hthis case. Instead, it affects the adhesive properties of
Othe hypoblast cells after they have made contact with
othe epiblast (C.P. Heisenberg, personal communica-
ftion). Indeed, Wnt11 is unlikely to act as a chemotactic
tagent, as ubiquitous expression rescues the silberblick
hmutant phenotype in zebrafish (Heisenberg et al., 2000;
tKilian et al., 2003). This function, too, is more likely to
mbe permissive than instructive. However, overexpres-
msion of components of the noncanonical Wnt pathway
ocan cause similar defects as their loss (e.g., Moon et
ral., 1993), suggesting that some aspect of directionality
eof movement may be due to specific spatial distribu-
ttions of Wnts.
cCell-Cell Adhesion Molecules. The establishment,
omaintenance, and severing of contacts between cells
Tis important during all morphogenetic events. During
agastrulation, modulation of adhesion plays major roles
pin cell rearrangements within cell sheets and in epithe-
alial mesenchymal transitions (reviewed in Shook and
tKeller, 2003). During gastrulation in amniotes, cells in-
t
gressing through the streak switch from E-cadherin to
t
N-cadherin expression (Hatta and Takeichi, 1986), and
t
it is indeed necessary for E-cadherin to be downregu- c
lated to allow ingressing cells to leave the primitive
streak. In the mouse, the downregulation has been m
shown to be mediated by Snail, and Snail transcription e
in turn is activated by FGF-signaling (Ciruna and Ros- t
sant, 2001). A similar switch from E-cadherin to N-cad- t
herin occurs in the invaginating mesoderm in Drosoph- s
ila (Oda et al., 1998) but has not yet been shown to t
have any function. Modulation of cadherin is also seen s
in the ingressing primary mesenchyme cells in sea f
urchins as they undergo bottle cell formation and de- v
lamination; convergence and extension in the sea s
urchin archenteron is accompanied by a loss of E-cad- t
herin (Miller and McClay, 1997a). While the molecular m
basis of adhesive changes in convergence and exten- s
sion movements in vertebrates has not been fully deter- i
mined, modulation of the adhesive function of C-cad- e
Mherin may play a role (Marsden and DeSimone, 2003),nd cadherins are involved in the separation of germ
ayers in Xenopus (Wacker et al., 2000).
Endocytosis. A perhaps unexpected cell biological
echanism that is turning out to have an important role
n enabling various cellular processes during gastrula-
ion is endocytosis. In sea urchin embryos stained with
ntibodies against components of apical junctions
uch as cadherin, the immunofluorescence signal is
een at the site of these junctions in epithelial cells, but
ot in PMCs that are getting ready to delaminate. In
hese cells, the staining is seen in intracellular spots,
hich has been interpreted as the result of endocyto-
is of junction material (Miller and McClay, 1997b).
hether this is the cause of the loss in adhesiveness
r simply due to removal of excessive membrane
aterial in response to apical constriction is not known.
owever, other cell surface molecules are transported
rom intracellular stores to the cell surface at the same
ime, indicating a regulated exchange of adhesion
olecules by endocytosis and exocytosis (Miller and
cClay, 1997b). Whether apical constriction is also as-
ociated with endocytosis in other situations remains
o be tested.
ierarchy of Control Mechanisms
ne of the great challenges for developmental cell biol-
gists is to understand how the determination of cell
ate, manifested in the expression of specific transcrip-
ion factors, is translated into the modulation of cell be-
avior. A correlation between cell fates and particular
ypes of morphogenetic behavior has been observed in
any instances. For example, in Xenopus, only anterior
esodermal and endodermal cells are able to spread
n fibronectin when tested in vitro, consistent with their
ole of migrating across the blastocoel roof. More gen-
rally, loss of the function of a transcription factor de-
ermining cell fate usually also causes the loss of typi-
al morphogenetic behavior of cells. In Drosophila, loss
f either of the mesodermal cell fate regulators Snail or
wist leads to failure of mesodermal cells to differenti-
te and to undergo cell shape changes typical for the
rospective mesoderm. The same is true for Brachyury
nd other transcription factors in vertebrates. What
hen are the cascades of gene activity downstream of
hese transcription factors that lead to the cell behavior
hat shapes the embryo? What are the target genes of
ranscription factors that are directly responsible for
hanging a cell’s adhesion, shape, and motility?
The problem of elucidating such cascades is not
ade easier by the fact that many factors can have
ffects both on cell fate via the transcription of differen-
iation genes and on morphogenesis via modulation of
he cytoskeleton or adhesion or other properties. In
everal instances, it has been possible to distinguish
hese effects experimentally. Convergence and exten-
ion in the zebrafish and the frog is affected by all
actors that control mesodermal cell fate and dorso-
entral patterning, including FGF8. In the case of FGF
ignaling, one of the negative modulators of the signal
ransduction pathway, Sprouty, can suppress cell
ovement without affecting MAPK activation and me-
odermal gene expression (Nutt et al., 2001). Similarly,
n Drosophila, the MAPK-independent morphogenetic
ffect of FGF signaling can be separated from its
APK-dependent function in heart cell determination
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315(Wilson et al., 2005). In the zebrafish, genes are begin-
ning to be identified that affect only cell movement and
not fate (Bakkers et al., 2004; Topczewski et al., 2001;
Yamashita et al., 2002). Whether these genes act under
the control of or in parallel with fate determining genes
is an interesting question worth further debate and
analysis (see also Myers et al., 2002a). Surprisingly, the
homolog of the transcription factor Brachyury, one of
the major mesodermal fate determinants in vertebrates,
can influence gastrulation movements in the sea urchin
independent of cell fate, as deduced from experiments
in which a fusion protein of Brachyury with the repres-
sor domain of Drosophila Engrailed blocked gastrula-
tion but not expression of several endodermal and me-
sodermal markers (Gross and McClay, 2001). However,
this effect of Brachyury, too, must ultimately be medi-
ated by transcriptional regulation, and the targets re-
sponsible for the observed effects remain to be iden-
tified.
In spite of such complications, some cassettes of ge-
netic hierarchies from fate determination to molecules
directly modulating cell movement are beginning to be
worked out. A search for target genes of Brachyury
identified Wnt11 (Tada and Smith, 2000), which, like
Bra, is required for involution and convergence and ex-
tension movements in fish and frogs. To prove that
Brachyury acts through Wnt11, it would be necessary
to show that the defects resulting from lack of
Brachyury can be alleviated or abolished by expressing
Wnt11. However, in tissue explants, a constitutively
active form of Dishevelled could not rescue the defects
(Tada and Smith, 2000), indicating that other targets of
Brachury must also participate. In Drosophila, the
genes acting downstream of the mesodermal transcrip-
tional activator Twist have been tested for their ability
to direct morphogenetic behavior. Surprisingly, the ma-
jor role in mediating cell shape changes and invagi-
nation is played by Snail, a transcriptional repressor (T.
Seher and M.L., unpublished data). Finally, the effort to
establish the “gene regulatory network” for the micro-
meres in sea urchin embryos aims, in a more encom-
passing way, at the solution of the same problem (Da-
vidson et al., 2002a).
In some cases, transcription factors have been
shown to act as switches between alternative cell be-
haviors. The example of Snail as regulator between an
epithelial and a mesenchymal state has been dis-
cussed above. Brachyury may control the difference in
the types of movement in mesodermal cells in frogs
and fish. In tissue explants in culture, Brachyury is re-
quired for convergence and extension movements, but
not for cell migration (Conlon and Smith, 1999). To qual-
ify as a “switch,” Brachyury needs to be able not only
to turn convergence and extension behavior on, but
also to turn migration off, which is precisely what it
does (Kwan and Kirschner, 2003). A transcription factor
acting as a switch in the interpretation of the FGF signal
in the chick has been identified recently. The Zinc finger
transcriptional activator Churchill downregulates meso-
dermal gene activity and movement downstream of
FGF signaling (via activating the Smad-interacting-pro-
tein1), simultaneously sensitizing cells to neural induc-
tion factors from the node (Sheng et al., 2003).
Conservation of Morphogenetic and RegulatoryMechanisms. We have seen that there are recurrent
themes in the repertoire of mechanisms used during
gastrulation by different animals. Bottle cell formation,
de-epithelialization, migration, and BMP, FGF, and Wnt
signaling occur in all organisms. But can they be
viewed as homologous, and are cassettes of regulatory
pathways exchangeable? Whereas it is generally ac-
cepted that the underlying logic and geometry of gas-
trulation is conserved in vertebrates (Beddington and
Robertson, 1998), this is not so clear for the cellular
mechanisms. Whether gastrulation movements in fish
and amphibians are the same has been discussed
extensively (Myers et al., 2002a; Wallingford et al.,
2002). Because of certain differences (more migra-
tion — apparently directed — in the fish than the frog,
larger dependence of frog gastrulation on mediolateral
intercalation), the conclusion has been that they are
quite different. However, it has to be kept in mind that
large differences can be found even within the taxa of
the amphibians or fish, often between closely related
groups. Surely this does not mean that the underlying
logic and principles are not conserved, especially as
those movements seen in the fish but not Xenopus (di-
rected dorsal migration) depend on many of the same
molecules as the “true” convergent extension beha-
viors. More likely, different species make use of the
constituent mechanisms to different degrees, resulting
in perhaps large apparent differences. Often, these are
probably dictated by the architecture of the egg and
the speed of development. An example for the latter
is found in the invagination of the mesoderm in insect
embryos. In dipterans like Drosophila, in which the pri-
mordia of all segments are present before gastrulation
begins, the ventral furrow invaginates rapidly along the
entire length of the embryo and the mesoderm be-
comes completely internalized within less than an hour.
The cells only begin to proliferate after this point; a mi-
totic block in the ventral furrow ensures the orderly pro-
gression of cell shape changes necessary for the rapid
and efficient invagination (Grosshans and Wieschaus,
2000; Mata et al., 2000; Seher and Leptin, 2000). By
contrast, in short germ insects like Tribolium, in which
segments arise sequentially during embryogenesis,
mesoderm invagination is slow and less orderly. Indivi-
dual cells show cell shape changes similar to those
seen in Drosophila, but proliferation occurs at the same
time, so that apically constricting cells are interspersed
with dividing cells (Handel et al., 2005). Cross-sections
through the invaginating mesoderm of a Tribolium
embryo look strikingly similar to Drosophila tribbles
mutant embryos in which the mitotic block in the meso-
derm has been released. This suggests that the mitotic
block may have evolved to ensure the rapid, reliable
invagination of the mesoderm needed to allow the fast
development of the dipteran embryo. A mitotic block
has also been observed to contribute to proper meso-
dermal morphogenesis in frogs (Leise and Mueller,
2004), cell proliferation is regulated by Snail in the
mouse (Ciruna and Rossant, 2001), and Xenopus Trib-
bles participates in the control of mitosis (Saka and
Smith, 2004), another set of tantalizing similarities which
do not quite yet add up to a coherent picture.
Just as new cell biological mechanisms can appa-
rently be coopted during evolution to serve the chang-
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316iing requirements of the gastrulating embryo, so is there
ea suggestion that gene regulatory hierarchies are flexi-
tble and can easily be rewired. A particularly striking
tcase concerns the roles of Snail, E-cadherin, and FGF
asignaling in mouse versus Drosophila (Figure 4). The
nmesoderm in both organisms express Snail, responds
sto FGF signaling, and downregulates E-cadherin as it
begins to spread out after ingression or invagination. i
However, the relationships between the three proteins e
are completely different. In the mouse, FGF signaling t
activates Snail transcription, and Snail then down- t
regulates E-cadherin expression, which allows the t
mesoderm to become migratory. In Drosophila, Snail i
also represses E-cadherin expression (Leptin, 1991), i
suggesting a conserved regulatory cassette, but there d
is no evidence that downregulation of E-cadherin is im-
t
portant. Furthermore, although FGF signaling is active
ein the mesoderm during EMT in Drosophila, it is re-
aquired for the spreading of the mesoderm on the ecto-
rderm, but not for EMT. Thus, although all three genes
sare active during gastrulation both in Drosophila and in
svertebrates, the hierarchy of their activities has appa-
rently not been conserved. Another mesoderm-specific
transcription factor, Twist, is important for myogenesis
in invertebrates and vertebrates, but in Drosophila also
Aacts at the top of the cascade of mesoderm develop-
ment, controlling all aspects of mesoderm morphogen-
I
esis and differentiation. p
a
Open Questions, Conclusion a
Many aspects of gastrulation have now been explained J















Figure 4. Modulation of Genetic Hierarchies around a Conserved s
Cassette
f
Activation of the FGF-receptor expressed in the mesoderm of the
fmouse embryo results in the transcription of Snail. Snail is required
tfor the downregulation of E-cadheirn, to allow mesodermal cells to
tlose their epithelial coherence and move into the embryo. It is not
clear to what extent FGF might have other, direct morphogenetic v
effects on cell behavior at this point (for example, by acting as a e
motogen and increasing protrusive activity), but after ingression,
dmigratory mesodermal cells in the chick show chemotactic beha-
fvior in response to FGF.
aIn Drosophila, the genes for both Snail and the FGF-receptor are
activated in the mesoderm primordium by Twist, and Snail re-
presses E-cadherin. Snail expression does not depend on FGF- a
signaling. FGF induces protrusive activity of mesodermal cells after o
they have invaginated, which allows them to spread out on the
gectoderm (cf. Figure 1H).
mrogress in many organisms, but it is not obvious that
unified understanding of gastrulation will arise from
hese studies. Among the cellular processes that re-
uire further investigation are the processes of apical
onstriction, for which only two molecules have been
scribed specific functions (Costa et al., 1994; Haigo et
l., 2003; Hildebrand and Soriano, 1999), and as men-
ioned above, the source of the directionality during
CP-mediated movements.
A further interesting unsolved question concerns the
nterpretation of gradients: how is a graded distribution
f a molecule translated into qualitatively distinct cell
esponses? In the case of the gradients of transcription
actors in the Drosophila embryo, the principles are well
nderstood (number and affinities of binding sites for
ranscription factors in the promoter regions of down-
tream genes, feedback loops). It is less clear how dif-
erent concentrations of ligand lead to qualitatively dif-
erent responses of events downstream of activated
ransmembrane receptors, for example, in the case of
he signal from the Organizer in vertebrates, the dorso-
entral dpp gradient in Drosophila. Furthermore, gradi-
nts by definition have no sharp borders, whereas cells
o eventually have to be one thing or another; thus,
uzzy transitions have to be converted to sharp bound-
ries with on-off responses.
Finally, the coordination of the various cell behaviors
nd their place in the hierarchy of gene activities are
nly beginning to be understood. To reach an inte-
rated understanding, it will be necessary in this field,
ore than in any other, to keep the evolutionary aspect
n mind. What is the ancestral subdivision of germ lay-
rs, and what is the role of canonical Wnt signaling in
he ancestral protostome? A good guess is the defini-
ion of the gut or endoderm, because this is a likely
ncestral distinction: absorptive tissues for taking up
utrients versus an outer protective tissue containing
ensory cells to interpret the environment. If endoderm
nduction by β-catenin is the first axis/germ layer differ-
ntiation, then what is the second? Mesoderm induc-
ion by Nodal-like factors might be the suggestion from
he viewpoint of the amphibians and fish, but how does
hat square with Nodal function in sea urchins, or BMPs
n Drosophila? Perhaps endoderm and mesoderm were
nitially set aside as one unit and an ancestral en-
omesoderm found diverse ways of sorting itself into
wo distinct germ layers (see also (Ball et al., 2004) (Ar-
ndt, 2004)). With a wider range of animals now being
nalyzed genetically and molecularly, aided by the
apid increase in the availability of new whole genome
equences, these questions should soon find their an-
wers.
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